Abstract Cerebellar dysfunction is an important contributor to disability in patients with multiple sclerosis (MS), however, few in vivo studies focused on cerebellar volume loss so far. This relates to technical challenges regarding the segmentation of the cerebellum. In this study, we evaluated the semi-automatic ECCET software for performing cerebellar volumetry using high-resolution 3D T1-MR scans in patients with MS and healthy volunteers. We performed test-retest as well as inter-observer reliability testing of cerebellar segmentation and compared the ECCET results with a fully automatic cerebellar segmentation using the FreeSurfer software pipeline in 15 MS patients. In a pilot matched-pair analysis with another data set from 15 relapsing-remitting MS patients and 15 ageand sex-matched healthy controls (HC), we assessed the feasibility of the ECCET approach to detect MS-related cerebellar volume differences. For total normalized cerebellar volume as well as grey and white matter volumes, intrarater (intraclass correlation coefficient (ICC) = 0.99, 95 % CI = 0.98-0.99) and interobserver agreement (ICC = 0.98, 95 % CI = 0.74-0.99) were strong. Comparison between ECCET and FreeSurfer results likewise yielded a good intraclass correlation (ICC = 0.86, 95 % CI = 0.58-0.95). Compared to HC, MS patients had significantly reduced normalized total brain, total cerebellar, and grey matter volumes (p B 0.05). ECCET is a suitable tool for cerebellar segmentation showing excellent testretest and inter-observer reliability. Our matched-pair analysis between MS patients and healthy volunteers suggests that the method is sensitive and reliable in detecting cerebellar atrophy in MS.
Introduction
The cerebellum plays an important role in motor coordination and motor learning. In addition, the cerebellum most likely supports cognitive processes, especially attention. It receives input from afferent sensory systems as well as from other parts of the brain and integrates these inputs to fine tune motor activity and possibly non-motor function such as cognition, emotion, and behavior [1, 2] . In multiple sclerosis (MS), cerebellar dysfunction is a significant contributor to the development of disability and often progresses despite disease-modifying treatment [3, 4] . In spite of the wellknown importance of the cerebellum in MS, only limited data on cerebellar white (WM) or grey matter (GM) volume loss are available. MRI studies have confirmed extensive GM demyelination in the cerebellum [5, 6] especially in patients with a secondary-progressive disease course compared to patients with benign MS [7] . These studies focused on cross-sectional data and did not investigate the changes of cerebellar grey and white matter volume (WMV) over time. The fact that so few studies have investigated cerebellar volume using MRI relates to technical challenges regarding the correct segmentation and extraction of the cerebellar tissue from nearby structures such as the peduncles, brainstem, spinal cord, and venous sinuses. Furthermore, its thin gyri and sulci are difficult to segment due to partial volume effects and B1-field inhomogeneities, which impair the tissue contrast. In addition, 2D MR acquisitions with limited volume coverage might hinder full cerebellar imaging depending of the size of the brain.
Different strategies for cerebellar segmentation and volume measurements have been proposed in the past, but so far, no gold standard has been established. FreeSurfer (http://surfer.nmr.mgh.harvard.edu) [8] is an automatic approach, which has been frequently used in recent years for cortical segmentation and cortical thickness analysis, but especially in smaller structures such as the hippocampus, FreeSurfer has been shown to be limited [9] . Sánchez-Benavides et al. [10] for example pointed out that results from automated hippocampal volumetry using FreeSurfer showed a tendency to overestimate the volume when compared to manual tracing. The semiautomatic software ''ECCET'' has proven to be useful when segmenting the cerebellum in degenerative cerebellar disorders [e.g., spinocerebellar ataxia type 6 (SCA6), sporadic adult-onset ataxia (SAOA)] [11, 12] , but so far the ECCET approach has not been systematically evaluated in MS patients.
The aim of this study was to test the reliability of ECCET, to compare ECCET against FreeSurfer, and to study the feasibility of the method for detecting cross-sectional group differences between MS patients and healthy controls.
Materials and methods

Reliability study and comparison with FreeSurfer
Test-retest and inter-observer reliability testing of ECCET and a comparison to the fully automatic segmentation program FreeSurfer were performed using high-resolution T1-weighted MPRAGE images acquired in sagittal plane (TR/TI/TE = 2,080/1,100/3.0 ms; a = 15°, 160 slices, isotropic voxel of 1 mm 3 ). In addition, axial 3-mm proton density-weighted (PDw) and T2-weighted (T2w) images were acquired to determine the cerebral and cerebellar lesion load in MS patients (double spin echo: TR/TE1/ TE2 = 3,980/14/108 ms; 40 slices with an in-plane resolution of 1 9 1 mm). These MRI scans were performed at the Department of Radiology, Division of Neuroradiology, University Hospital Basel, Switzerland using a 1.5 T Magnetom Avanto (Siemens Medical Solutions, Erlangen, Germany). Data from 15 randomly selected MS patients (six women, mean age 49 years, range 31-67 years) taking part in an ongoing cohort study on the genotypic-phenotypic characterization of MS were included. All patients underwent a medical and neurological examination, including a structured assessment of the Expanded Disability Status Scale (EDSS) [13] and review of the patient's past medical history. The selected patients had a mean disease duration of 13 years (range 5-23 years) and a mean EDSS score of 2.9 (range 0-6). The mean cerebellar functional system score (FSS) was 1.4 (range 0-3). Twelve patients (five women) had a relapsing-remitting (RRMS) disease course, two patients (one woman) were secondary progressive (SPMS) and one man had been diagnosed with primary progressive MS (PPMS). Written informed consent was obtained before the examination and the study was approved by the local ethics committee.
Matched-pair analysis
The MRI data for the comparison between healthy controls (HC) and MS patients were acquired at a 3-T Magnetom Verio (Siemens Medical Solutions, Erlangen, Germany). A high-resolution T1-weighted MPRAGE sequence was used for the cerebellar segmentation (TR/TI/TE = 1,570/900/ 2.7 ms, a = 9°, 160 sagittal slices, isotropic voxel of 1 mm 3 ). Axial 3-mm proton PDw and T2w scans were additionally used for determining the PD/T2 lesion load (double spin echo: TR/TE1/TE2 = 3,500/9.1/91 ms; 40 slices with an in-plane resolution of 0.75 9 0.75 mm). All MRI scans were acquired at the Department of Radiology, Division of Neuroradiology, University Hospital Basel, Switzerland. All patients underwent a thorough medical and neurological examination, including the structured assessment of the EDSS and review of the patients' past medical histories. Fifteen patients (ten women, mean age 35 years, range 22-62 years) with a relapsing-remitting disease course were studied, who had an overall disease duration of 8 years (range 1-17 years) and a mean EDSS score of 2.7 (range 1-4.5). The mean cerebellar FSS was 0.9 (range 0-3) in this patient group. The patients were compared to 15 age-and gender-matched HC (mean age 35 years, range 22-62 years). Written informed consent was provided before the examination and the study was approved by the local ethics committee.
Data postprocessing and statistical analysis
An identical protocol was carried out for the volumetric analysis in all parts of the study.
The high-resolution T1-weighted MPRAGE datasets were first reoriented to the AC-PC plane (with reslicing using cubic spline interpolation, final voxel size 1 9 1 9 1 mm). This was carried out using Brainvoyager QX (Brain Innovations, Maastricht, The Netherlands) [14] . After this initial step, all subsequent processing steps were performed using a structured and guided workflow with the ECCET toolkit (http://www.eccet.de), which had been adapted for this study.
An edge-preserving non-linear Gaussian noise reduction filter was applied to the isotropic 3D T1-MPRAGE MRI volumes [15, 16] . In order to achieve a high reproducibility of cerebellar volumetry, an exact and reproducible separation of the brainstem from the cerebellar peduncles is necessary. This issue relates to the relatively poor definition of the borders between the brainstem and the cerebellar peduncles on conventional MRI. Therefore, we manually outlined the brainstem on five or more slices: on one slice superior as well as inferior to the cerebellar peduncles and on at least two slices at the pontine level according to anatomical landmarks, such as the trigeminal and vestibulo-cochlear nerve entry zones (Fig. 1) . The manually traced regions of interest were then connected using interpolation based on an angle-restricted convex hull generation between the segmented slices. In this algorithm, the center of gravity of the segmentation for each slice is searched and the border points of each slice are then connected with their corresponding border points on the neighboring slices. Next, a semi-automatic 3D filling algorithm differentiating between brain tissue and surrounding cerebrospinal fluid (CSF) was applied [17, 18] . We used a four-step gap-tolerant 3D filling algorithm with the following steps: (1) Building a distance field that, for any voxel of the volume, gives the distance to any part of the boundary object. (2) Filling the distance field from the inside (as defined by the user), stopping at a distance of five voxels from the boundary object. (3) Adding five extra layers using a dilation step that is matched to the metric used to build the distance field. (4) An additional pocketfilling step is performed, filling gaps, which remained unfilled in the previous steps. This is done by adding a series of 2D filling steps, which are reversed if the filled planes continue for more than ten steps, thus avoiding cases where the filling would spread into the outside non-brain space. This step is repeated for all three primary orientation planes and repeated three times.
Using these steps, a 3D volume of the cerebellum was generated, which was visually inspected and manually adjusted when required (Fig. 2) . The total cerebellar volume (TCV) was then calculated on the basis of the number of cerebellar voxels. The segmentation between grey and white matter was based on a histogram analysis, where two major peaks of intensities (representing the grey and white matter peaks) are detected using a hat operator, which rejects very small maxima occurring due to image noise. The mean value between these peaks is then selected as the threshold distinguishing between white and grey matter. MRI visible MS lesions are mostly located in the white matter and often possess low image intensity on T1-weighted images (so-called ''black holes''). Such areas may potentially be misclassified as grey matter during the segmentation process. Lesion masking is therefore necessary for white versus grey matter segmentation. We used whole-brain lesion masks (generated on PD/T2-weighted images as previously described [19] ) and coregistered them to the 3D MPRAGE datasets using a mutual-information based registration-algorithm in ECCET in order to exclude corresponding regions of signal alteration during the cerebellar white matter/grey matter segmentation. T1w hypointense lesions usually possess a PD/T2w correlate enabling the use of PD/T2w lesion files for the masking of T1w datasets. The normalized whole brain volume was calculated using SIENAX as previously described [20] . The SIENAX normalization factor (i.e., normalization for head size) was used for normalizing the cerebellar volumes, which were determined with ECCET.
For examination of test-retest reliability (TR-R) and interobserver reliability (IO-R), the protocol was carried out in each patient by two independent examiners twice each on two consecutive days. Both examiners underwent a training session segmenting ten different datasets beforehand. The mean values detailed below are averages of all measurements of both raters. Furthermore, ECCET was compared to the fully automated segmentation software FreeSurfer (http://surfer.nmr.mgh.harvard.edu) using the imaging data, which were also used for the reliability testing. The FreeSurfer procedure was applied as previously described [8] . Intraclass correlation coefficient (ICC) model 3 (mixed-effect model) for TR-R and ICC model 2 (random-effect model) for IO-R were calculated based on the agreement computation analysis [21, 22] using SPSS 19 (IBM, New York, USA).
In the cross-sectional matched-pair analysis, one-sided t tests were used for the group comparison between HC and MS patients. Additionally, multilinear regression was calculated between cerebellar volume and several clinical measures for the patient group. A p value of \0.05 was used for statistical thresholding of significance.
Results
Reliability study and comparison with FreeSurfer
Analysis showed a mean TCV of 143 cm 3 (standard deviation (SD) ± 14, range 117-174), a mean total cerebellar WMV of 22 cm 3 (SD ± 5, range 15.6-35) and a mean total cerebellar grey matter volume (GMV) of 121 cm 3 (SD ± 11, range 104-139). For normalized cerebellar volumes, please see Table 1 . The mean normalized whole-brain volume (SIENAX analysis) was 1,536 cm (Fig. 3d) . However, visual comparison of the results of the two methods revealed that ECCET performed better, as several areas with non-brain tissue such as the venous sinuses were commonly segmented into the cerebellum using FreeSurfer without manual readjustments (see Fig. 4 ).
Matched-pair analysis (MS patients versus healthy volunteers)
The comparison of HC and MS patients showed significantly lower normalized brain volumes and normalized TCV (p \ 0.05) as well as by trend a lower normalized cerebellar GM volume (p = 0.051). Details are shown in Table 1 . The mean total T2 lesion volume in MS patients was 9.35 cm 3 (range 0.09-30.5 cm 3 ). No correlation was found between normalized TCV and clinical measures, 
Discussion
Our data show that the semi-automatic method of ECCET is suitable for cerebellar segmentation in healthy controls and MS patients. The reliability study showed excellent test-retest and inter-observer reliability as well as a good intraclass correlation with FreeSurfer. Moreover, the measurements can be performed in a reasonable amount of time (on average 30 min per patient) with relatively low demands regarding the necessary computer infrastructure. Although of course the fully automated FreeSurfer procedure (without the use of time consuming manual adjustments) would be faster, the visual analysis of the segmentation quality of the two methods in this cohort showed that the semi-automatic segmentation with ECCET is more accurate.
Comparisons of the absolute cerebellar volumes obtained in our study to the results from previous studies [23] [24] [25] [26] are limited because of the differences in the methodology applied, as variations in the used anatomical boundaries when separating the cerebellum from the brainstem may lead to larger or smaller cerebellar volumes. Furthermore, whether raw or normalized data are presented affects the volumes. Considering these limitations when comparing results across studies, the measured cerebellar volumes of HC and MS patients in our cohorts are well in the range of previous studies reporting 106-130 cm 3 in MS patients and 120-150 cm 3 in HC [24, 25] . It is usually considered preferable to use normalized data in cross-sectional studies of cerebral or cerebellar volumes. Our data were normalized with a normalization factor generated by the results of SIENAX when analyzing and normalizing the whole-brain volume on the basis of the Montreal Neurological Institute template (MNI; http://www.bic.mni. mcgill.ca/). This results in higher values for normalized cerebellar volume.
Although we included only relapsing-remitting MS patients in this part of our study, normalized TCV was significantly reduced in MS patients. Previous studies described significant differences in secondary and primary progressive disease types and only marginal differences in patients with clinically isolated syndrome or relapsing remitting MS [24, 25] . Due to relatively small numbers of patients, final conclusions whether the cerebellar volume is differentially affected in patients with relapsing versus progressive forms of MS are not possible. Concerning the separate analysis of GM and WM changes, our matchedpair analysis study was probably not adequately powered, as we only found non-significant differences in cerebellar GM volume between MS patients and HC. Whereas studies on neurodegenerative disorders showed good correlation between cerebellar volumes and degree of cerebellar ataxia [27] , our study showed no correlation between cerebellar volumes and clinical data, such as the EDSS and disease duration. Here again the low sample size may be the reason for not detecting a significant correlation of cerebellar volumes and clinical scores. Moreover, in a disease that affects many different parts of the CNS in varying degrees, correlations with single clinical functions will always be confounded by other deficits.
The data in our study were acquired on 1.5-T and 3-T scanners (both Siemens) and the ECCET analysis was feasible with data from either scanner without problems. We have not systematically studied the feasibility of EC-CET for segmenting cerebellar volumes using conventional 2D 3-mm T1 data. Potentially, this may be possible when interpolating the images to isotropic voxel sizes.
Conclusions
ECCET was shown to be a useful tool for cerebellar segmentation in healthy subjects and MS patients showing excellent test-retest and inter-observer reliability. The intraclass correlation with FreeSurfer was good while the segmented volumes were more plausible with ECCET at visual inspection. The high reliability of this method makes it a good candidate for both cross-sectional and longitudinal studies in MS. In the light of its high test-retest reliability, this method promises to be a useful tool in longitudinal studies of the relationship between cerebellar MRI and clinical data.
